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Summary

Calcineurin inhibitors (CNI) and mammalian target of rapamycin inhibi-

tors (mTORi) are the main immunosuppressants used for long-term

maintenance therapy in transplant recipients to avoid acute rejection epi-

sodes. Both groups of immunosuppressants have wide effects and are

focused against the T cells, although different impacts on specific T-cell

subsets, such as regulatory T cells, have been demonstrated. A greater

knowledge of the impact of immunosuppression on the cellular compo-

nents involved in allograft rejection could facilitate decisions for individu-

alized immunosuppression when an acute rejection event is suspected.

Memory T cells have recently gained focus because they might induce a

more potent response compared with naive cells. The impact of immuno-

suppressants on different memory T-cell subsets remains unclear. In the

present study, we have studied the specific impact of CNI (tacrolimus)

and mTORi (rapamycin and everolimus) over memory and naive CD4+ T

cells. To do so, we have analysed the proliferation, phenotypic changes

and cytokine synthesis in vitro in the presence of these immunosuppres-

sants. The present work shows a more potent effect of CNI on prolifera-

tion and cytokine production in naive and memory T cells. However, the

mTORi permit the differentiation of naive T cells to the memory pheno-

type and allow the production of interleukin-2. Taken together, our data

show evidence to support the combined use of CNI and mTORi in trans-

plant immunosuppression.

Keywords: cell differentiation; cell proliferation; cytokines; T cells;

transplantation.

Introduction

Helper T cells coordinate the adaptive immune response

through cytokine production that modulates not only cel-

lular but also humoral immunity after the challenge

against the antigen they are designed for. After the

immune response clears the antigen, two different subsets

of memory T cells arise; central memory T (Tcm) cells,

confined in lymphoid tissues with low proliferative and

cytokine production capability, and effector memory T

(Tem) cells, which are generally present in non-lymphoid

tissues and are able to be quickly activated with a higher

cytokine production than Tcm cells.1 After antigen recall,

Tcm cells could differentiate into Tem cells.2 In the trans-

plantation setting, the role of Tcm and Tem subpopula-

tions in acute or chronic rejection of the allograft has not

been clearly defined.

A rejection event driven by memory T cells is faster and

more potent than that mediated by naive T (Tn) cells.

Recently, donor-specific memory T cells have been associ-

Abbreviations: APC, allophycocyanin; CNI, calcineurin inhibitors; IFN-c, interferon-c; IL, interleukin; IS, immunosuppression;
mTORi, mammalian target of rapamycin inhibitors; PE, phycoerythrin; Tcm, central memory T cells; Tem, effector memory T
cells; Temra, terminally differentiated memory T cells; Tn, naive T cells; Treg, regulatory T cells
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ated with early acute cellular rejection in kidney transplan-

tation and increased numbers of circulating CD8 Tem cells

before transplantation have been associated with enhanced

acute rejection in lung transplant patients.3 On the other

hand, there is little evidence about the role of memory T-

cell subsets in human lung transplantation rejection.4 In a

cardiac allograft mouse model, neither rapamycin nor

tacrolimus alone was able to control accelerated rejection

of heart allograft by alloreactive memory CD4+ T cells,5

however, the specific effect of immunosuppression (IS) on

memory T cells is not fully described.

With the use of new and potent IS, the acute rejection

rate in kidney transplantation has been reduced to < 5%

within the first year after kidney transplantation, although

the rate of chronic rejection in the long-term is still far

from being reduced.6 The immunosuppression therapy

currently used relieves the alloresponse without precisely

knowing the targeted cell type.7

The impact of different IS on memory T cells has been

previously assessed in an in vitro model of CD8 Tem dif-

ferentiation,8 whereas studies on CD4 T cells are scarce.

The present study addresses the direct impact of the two

main IS used for maintenance therapy in transplant

patients on different aspects of sorted naive and memory

CD4+ T-cell subsets, such as phenotype, proliferation

capability and cytokine production.

Materials and methods

Sample preparation

Peripheral blood mononuclear cells were isolated on a

Ficoll gradient from buffy coats gathered at the Regional

Blood Donor Bank after given consent. Subsequently, the

peripheral blood mononuclear cells were incubated with

anti-CD4 and anti-CD8 magnetic bead antibodies (Mil-

tenyi Biotech, Bergisch Gladbach, Germany) following the

manufacturer’s instructions and sorted by magnetic-auto-

mated cell sorting (AutoMACS; Miltenyi Biotech). The

cells were split into CD4+ and CD8+ cells and stained

with anti-CCR7-allophycocyanin (APC; clone G043H7;

Biolegend, San Diego, CA), anti-CD45RO-phycoerythrin

(PE; clone UCHL1), anti-CD62L- FITC (clone Dreg56)

and anti-CD25-PE (clone 2A3) (both from BD Bio-

sciences, San Jose, CA), anti-CD27-APC-Vio770 (clone

M-T271; Miltenyi Biotech), anti-CD127-PE-cyanin-7

(PC7; clone R34.34; Beckman Coulter, Marseille, France)

during 30 min, washed with PBS and acquired for FACS

on a FACS-Aria-II (BD Biosciences).

The different T-cell subpopulations were defined as fol-

lows. Tn: CCR7+ CD62L� CD45RO�, Tcm: CCR7�

CD62L+ CD45RO+, Tem: CCR7� CD62L� CD45RO+,

terminally differentiated memory T (Temra) cells:

CCR7� CD62L� CD45RO� and regulatory T (Treg) cells:

CD25+ CD27+ CD127�.

The purity of the cell sorting was tested after each experi-

ment, and > 98% efficiency was considered acceptable for

the study. All the experimental conditions were replicated

at least three times using blood from different donors.

In vitro culture

Upon MACS and FACS sorting, 105 cells/well were stimu-

lated with anti-CD3 and CD28 beads (Dynabeads; Life

Technologies AS, Oslo, Norway) following the manufac-

turer’s instructions for T-cell activation, and in the pres-

ence/absence of different concentrations of tacrolimus,

rapamycin and everolimus (Sigma Aldrich, St Louis, MO)

in a U-bottomed 96-well plate. The final concentrations

of the IS used were established at dosages that effectively

inhibited the proliferation and cytokine production of Tn

cells. The working drug concentration ranges were: tacro-

limus (2–0�25 ng/ml), rapamycin (10–0�01 ng/ml) and

everolimus (20–2�5 lg/ml).

Phenotypic assay

After 120 hr of culture, cells were collected, washed and

stained with CCR7-APC, CD45RO-PE, CD62L-FITC,

CCR6-PE, CD25-PE and CD103-PE monoclonal antibod-

ies to assess the phenotypic changes of each subpopula-

tion before acquisition by FACS-Canto-II (BD

Biosciences) cytometer. The data were analysed on FACS-

DIVA software, 6.3.1 version (BD Biosciences).

Proliferation assays

Once the different subsets of memory and naive T cells

were harvested, the cells (from 5 9 105 to 5 9 107 sorted

cells) were suspended in PBS–fetal bovine serum 5% (vol-

ume/volume; PAA Laboratories, Pasching, Austria) and

stained with 5 nM of carboxyfluorescein diacetate succin-

imidyl ester, and incubated for 5 min at room tempera-

ture. The cells were washed again with PBS–fetal bovine
serum 5% and cultured for 120 hr before acquisition on

FACS-Canto-II and further analysis with FLOWJO software

(Tree Stars, Ashland, OR) was performed. We analysed

the total number of divisions, divided by the number of

cells that went into division (Proliferation Index), and the

average number of cell divisions (% Divided), showing

only % Divided data because it facilitates comparisons in

mild proliferation samples.

Analysis of cell viability

To assess the apoptosis after 5 days of culture, the cells

were stained with 7-amino-actinomycin D (Beckman

Coulter) before acquisition by FACS-Canto-II cytometer.

The cell death was estimated from 7- amino-actinomycin

D-positive cells within the lymphocyte gate.
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Cytokine production test

After 120 hr of culture at 37° in 5% CO2, for the cyto-

kine production test, the cells were re-stimulated with

PMA (50 ng/ml) and ionomycin (1 lg/ml) in the pres-

ence of the stop-Golgi reagent brefeldin-A (10 lg/ml; all

from Sigma Aldrich) for 4 hr. Subsequent permeabiliza-

tion (FACS Permeabilizing Solution II; BD Biosciences)

and staining with monoclonal antibodies to different

cytokines was performed. Interleukin-2 (IL-2) -APC,

interferon-c (IFN-c) -PE and IL-17-FITC (all antibodies

from BD Biosciences) were incubated for 30 min and

cells were washed before acquisition in a FACS-Canto-II

cytometer.

Statistical analysis

The difference of the means for all parameters was tested

by the Student’s t-test and P < 0�05 was considered sig-

nificant (see Supplementary material, Tables S1–S3). The
IS dose–effect was tested using the repeated-measures

two-way analysis of variance with GRAPHPAD software ver-

sion 5�0 (GraphPad Inc.,San Diego, CA). Bonferroni post

hoc test was used when appropriate. The IS dose–effect
significance was determined by the interaction factor of

each IS treatment compared with stimulated control and

expressed in the text as FDOSE (Figs 2–4).

Results

Phenotypic changes of naive and memory subsets
after 5 days of stimulation

The frequency of peripheral blood cell subsets from buffy

coat was equivalent to that described in previous studies.1

The naive compartment was the most frequent in both

CD4+ and CD8+ T lymphocytes, but a different pattern

of memory T-cell subsets was observed between CD4+

and CD8+ T cells. Hence, the Temra subpopulation was

almost absent in CD4+ T cells whereas Tcm cells repre-

sented a lower fraction of CD8+ T cells (Fig. 1).1 Due to

their low numbers, the Temra CD4+ T cells were dis-

carded in these studies. The next step was to check poly-

clonal activation of T-cell subsets with anti-CD3/CD28

beads at different rates (see Supplementary material,

Fig. S1), showing that increasing doses of beads did not

improve the proliferation achieved by 1 : 1 rate (recom-

mended by the manufacturer). We then assessed the phe-

notypic changes of sorted T cells after 5 days of culture

(see Supplementary material, Fig. S2). Naive and memory

T-cell subsets conserved their phenotypic profile without

stimulation (see Supplementary material, Fig. S2). How-

ever, after in vitro activation, the majority of sorted Tn

cells changed to a Tcm-like phenotype whereas < 15%

remained with Tn-like phenotype (see Supplementary

material, Fig. S2). Half of the sorted and activated Tcm

cells converted to a Tem-like phenotype and two-thirds

of sorted Tem cells preserved their Tem-like phenotype

after culture (see Supplementary material, Fig. S2).

Hence, under the same culture conditions, the phenotypic

changes are more evident in Tn than Tcm and Tem.

Impact of calcineurin and mammalian target of
rapamycin inhibitors on phenotypic changes of naive
and memory CD4+ T-cell subsets after 5 days of
stimulation

As our in vitro activation experiments showed stronger

phenotype changes in Tn cells, we assessed other cell sur-

face markers and the impact of different immunosuppres-

sants in activation and cell surface marker expression of

the different subsets (see Supplementary material,

Fig. S3). No immunosuppressant dose altered the normal

cell apoptosis after culture (see Supplementary material,

Fig. S4). Within the immunosuppressants, calcineurin

inhibitors (CNIs) block the IL-2 production of Tn cells,

whereas mammalian target of rapamycin inhibitors

(mTORi) allow IL-2 production into the media.9 Hence,

the interleukin requirement for cell differentiation may

differentially affect phenotypic changes on sorted cells. In

Tem
TemTn

Tn
Tcm

Tcm

Temra Temra
CD4+ CD8+

(b)(a)

Figure 1. Frequencies of naive and memory T-cell subsets after CD4+ and CD8+ T-cell sorting in healthy controls. Differential distribution of T

cells subsets based of CCR7, CD45RO and CD62L expression in CD4+ (a) and CD8+ T lymphocytes (b) is shown. The subpopulations were

defined naive T cells (Tn): CCR7+ CD62L+ CD45RO�; central memory T cells (Tcm): CCR7+ CD62L+ CD45RO+; effector memory T cells

(Tem): CCR7� CD62L� CD45RO+ and terminally differentiated memory T cells (Temra): CCR7� CD62L� CD45RO�.
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this regard, the main differences in phenotype changes

were observed in sorted Tn cells. The effect of each treat-

ment on phenotypic changes of every sorted subpopula-

tion was studied independently. To assess this effect, the

interaction of different dosages with stimuli control was

studied. A slightly dose-dependent effect on sorted Tn

cells with tacrolimus and rapamycin was observed for the

dosages tested. The higher dose of tacrolimus maintained

an increased naive phenotype after stimulation [Fig. 2a,

FDOSE(3,18) = 9�14, P < 0�01**], whereas rapamycin induced

a lower Tcm [FDOSE(3,15) = 3�93, P < 0�05] higher

Temra-like phenotype differentiation [F3,15 = FDOSE(3,15) =
4�29, P < 0�05]. A significantly stronger dose-dependent

effect was observed with everolimus in naive sorted T

cells, at higher doses they retain the naive phenotype

[FDOSE(2,8) = 10�03, P < 0�01] with a more Temra-like

phenotype differentiation [FDOSE(2,8) = 7�02, P < 0�05] to
the detriment of Tcm-like phenotype [FDOSE(2,8) = 7�02,
P < 0�001].
The dose-dependent effect in Tcm (Fig. 2b) and Tem

(Fig. 2c) sorted cells was only observed after incubation

with everolimus. An increased Temra-like differentiation

with higher doses of everolimus was observed in Tcm

[FDOSE(2,8) = 3�08, P < 0�05] and Tem [FDOSE(2,15) = 4�2,
P < 0�05] sorted cells.

Effect of CNI and mTORi on proliferation of memory
T-cell subsets

Proliferation of T cells after the encounter with their

specific antigen is one of the characteristics of the adap-

tive immune response. The control of T-cell proliferation

could regulate the enhancement of their effector functions

and the use of the most effective IS in suppressing T-cell

proliferation might potentially better control the allore-

sponse. Within the naive and memory T-cell subsets there

are differences in proliferation capability since the Tn and

Tcm proliferate better than Tem.1 After 5 days of culture

in the absence of IS, the Tn and Tcm subpopulation

achieved maximum proliferation, whereas the Tem

showed a clearly decreased proliferation index (see Sup-

plementary material, Fig. S5). To perform comparable

analysis, the percentage of dividing cells was the parame-

ter of proliferation that was tested. Tacrolimus and rapa-

mycin (Fig. 3) reduced the proliferation capability of

sorted Tn [tacrolimus: FDOSE(3,24) = 26�08, P < 0�01;
rapamycin: FDOSE(3,24) = 4�78, P < 0�001], Tcm [tacroli-

mus: FDOSE(3,36) = 7�74, P < 0�001; rapamycin:

FDOSE(3,36) = 13�85, P < 0�001] and Tem [rapamycin:

FDOSE(3,6) = 77�86, P < 0�001] cells, respectively in a

dose-dependent manner; tacrolimus significantly reduced

the sorted Tn cell proliferation to 43�33% versus control

92�7% (P < 0�001; see Supplementary material, Table S2)

whereas both mTORi only reduced the cell proliferation

to � 79�5% (P < 0�001; see Supplementary material,
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Figure 2. Relative phenotypic changes of naive and memory T-cell

subsets upon immunosuppression treatment. The sorted subpopula-

tions: naive (Tn; n = 4) (a), central memory (Tcm; n = 4) (b) and

effector memory (Tem; n = 3) (c) T cells were polyclonally activated

with anti-CD3/CD28 beads (S) or left alone (W/S) for 5 days and

stained with CCR7, CD45RO and CD62L as described in the Materi-

als and methods section. Three independent experiments were per-

formed (mean, standard error of mean, and their comparison with

stimulated control are shown in the Supplementary material,

Table S1). The different subsets of T lymphocytes were co-cultured

with different amounts of immunosuppressants: tacrolimus (Tac,

ranged from 2 to 0�25 ng/ml), rapamycin (Rapa, ranged from 10 to

0�01 ng/ml) and everolimus (Eve, ranged from 20 to 5 µg/ml). The

interaction between each treatment and stimulated control was

assessed by repeated-measures two way analysis of variance test and

expressed in the graphs: sorted Tn–tacrolimus [Tn: FDOSE(3,18)

= 9�14, P < 0�01**], sorted Tn-rapamycin [Tcm: FDOSE(3,15) = 3�93,
P < 0�05#; Temra: FDOSE(3,15) = 4�29, P < 0�05♦], sorted Tn-everoli-

mus [Tn: FDOSE(2,8) = 10�03, P < 0�01**; Tcm: FDOSE(2,8) = 7�02,
P < 0�001###; Temra: FDOSE(2,8) = 7�02, P < 0�05♦[, sorted

Tcm-everolimus [Temra: FDOSE(2,8) = 3�08, P < 0�05♦], sorted Tem-

everolimus [Temra: FDOSE(2,15) = 4�2, P < 0�05♦].
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Table S2). All IS demonstrated the same inhibition of

sorted Tcm proliferation at the maximum dose tested

(� 70% versus control 84�9%; P < 0�001; see Supplemen-

tary material, Table S2). However, while tacrolimus and

everolimus maintained the percentage of dividing cells

<77% at any dose, the use of decreasing doses of rapamy-

cin recovered the frequency of proliferation (Fig. 3b; see

Supplementary material, Table S2). Similarly, in sorted

Tem, all IS at the highest concentration demonstrated

comparable inhibition of the percentage of dividing cells

but decreasing doses of rapamycin were unable to control

the proliferation of sorted Tem (Fig. 3c; see Supplemen-

tary material, Table S2).

Cytokine expression of T-cell subsets

Together with the assessment of phenotypic markers and

proliferation ability, the different T-cell subpopulations

may be further characterized by their different cytokine

production profile. Tn cells secrete mainly IL-2, Tcm have

moderate IL-2 and IFN-c secretion, whereas Tem produce

low IL-2 and high amounts of IFN-c (see Supplementary

material, Fig. S6). The IL-17, another effector cytokine,

was evaluated to better define T-cell subsets (see Supple-

mentary material, Table S3).

The cytokine expression after activation, together with

data shown on proliferation, may help to demonstrate

functional impairment of naive/memory T-cell subsets. To

address the effect of IS on cytokine expression in sorted

T-cell subsets, in parallel, after culture and polyclonal re-

stimulation, intracellular cytokine production was assessed

(the expressed cytokine profiles of naive and memory T-

cell subsets are depicted in the Supplementary material,

Fig. S6). First, activated sorted Tn cells increased the pro-

duction of IL-2 but not that of IFN-c (P < 0�01; see Sup-

plementary material, Table S3), whereas the Tcm cells did

not significantly demonstrate any important changes in

the expression of cytokines. Sorted Tem cells produced

high amounts of IFN-c but not of IL-2 after in vitro acti-

vation (P < 0�05; see Supplementary material, Table S3).

Production of IL-17 was almost null in Tn sorted cells,

being slightly higher (� 2%) in the case of Tcm and Tem

cells. No immunosuppressant tested showed any effect on

IL-17 production (see Supplementary material, Table S3).
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(Tcm; n = 6) (b) and effector memory (Tem; n = 3) T cells (c) were stained with carboxyfluorescein diacetate succinimidyl ester before poly-

clonal stimulation with anti-CD3/CD28 beads, during 5 days. The cells were alone (W/S), stimulated (S) and treated with the indicated dose of

tacrolimus (Tac, open circles), rapamycin (Rapa, closed triangle and dotted line) or everolimus (Eve, closed squares and dotted line) (mean, stan-

dard error of mean, and their comparison respect stimulated control are shown in the Supplementary material, Table S2). The proliferation was

expressed by the percentage of dividing cells (%Divided). The reference of stimulated control is represented with a dotted line in each plot. The

interaction between each treatment and stimulated control was assessed by repeated-measures two-way analysis of variance test [sorted Tn-tacro-

limus: FDOSE(3,24) = 26�08, P < 0�01**; sorted Tn-rapamycin: FDOSE(3,24) = 4�78, P < 0�001###; sorted Tcm-tacrolimus: FDOSE(3,36) = 7�74,
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When the effect of IS on intracellular cytokine expres-

sion was analysed we found a reduction in IL-2 produc-

tion in the presence of tacrolimus for both Tn and Tcm

cells (see Supplementary material, Table S3) whereas IL-2

was overproduced at higher doses of mTORi in Tn cells

(P < 0�001; see Supplementary material, Table S3). This

effect was maintained with everolimus in all doses tested

(Fig. 4). Tacrolimus significantly reduced IFN-c produced

by both sorted Tcm and Tem, whereas this effect was less

evident with mTORi (P, NS, Fig. 4).
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Discussion

Memory phenotype T cells can arise from canonic anti-

genic challenge and clearance but functional memory T

cells can also result from homeostatic proliferation of Tn

cells in lymphopenic states.10 A frequency of 0�1–10%
alloreactive T cells within the Tn cell pool has been estab-

lished.11,12 This high frequency of alloreactive T cells and

their potential transit into the memory pool makes the

success of tolerance induction protocols difficult.

The knowledge of the impact of IS used in the clinic

on naive and memory T cells could be relevant in the

choice of the IS that would better minimize the risk of

rejection driven by cellular components. Most impor-

tantly, it is difficult to overcome the memory barrier to

obtain transplant tolerance, and usually the induction of

tolerance protocols based on Treg cells have failed to con-

trol alloresponses induced by memory T cells,13 making

IS support mandatory to achieve prolonged graft sur-

vival.14 Moreover, in cardiac transplant models both CNI

and mTORi administered separately failed to prevent

accelerated rejection mediated by CD4+ memory T

cells.5,15

In human kidney transplantation without induction

therapy, it has been recently demonstrated that the pres-

ence of donor-specific T cells before transplantation is

associated with early acute cellular rejection.3 Altogether,

these data show the importance of looking for the IS

treatment that is able to control memory T-cell response.

The CNI treatment favours the in vitro generation of

memory T cells16 and rapamycin has been demonstrated

to have an immunostimulatory effect on the generation

of memory CD8+ T cells.17 Here, we confirmed these

results with tacrolimus, allowing sorted Tn cells to differ-

entiate to Tcm cells, and rapamycin, which produced not

only Tcm but also Tem phenotypes. Strikingly, Tn acti-

vated in the presence of high doses of everolimus retained

a naive phenotype. There is no clear explanation for such

a specific effect of everolimus compared with rapamycin.

It is possible that everolimus could induce the apoptosis

of activated Tn cells (see Supplementary material, Fig. S7)

or that it could facilitate differentiation to a Temra phe-

notype (Fig. 2). The clinical consequences of such a dif-

ference between rapamycin and everolimus remain to be

elucidated. On the other hand, the effects of different IS

in sorted Tcm and Tem cells were moderate.

The proliferation capability of T-cell subsets is reduced

from Tn to Tcm, Tem and Temra cells.18 Tacrolimus effi-

ciently reduced the proliferation of Tn cells, whereas the

control of Tcm and Tem cells was less evident, probably

because they have a lower proliferative capacity (Fig. 3).

Rapamycin cannot control the proliferation of memory T

cells alone, but in combination with bortezomib it syner-

gizes and reduces the proliferation and cytokine produc-

tion of memory T cells.19 At the doses tested here,

rapamycin was the least effective IS in inhibiting the pro-

liferation of Tcm and Tem cells, since a recovery of pro-

liferation was observed with decreasing rapamycin

concentration (Fig. 3). We have tested the proliferation

of Tcm and Tem cells up to 100 ng/ml of rapamycin with

the same results of proliferation control (see Supplemen-

tary material, Fig. S8). Hence, our data suggest that the

effect of rapamycin on phenotypic changes in Tcm and

Tem cells is observed even at low concentrations, but

rapamycin can control the proliferation of memory T

cells only at a high concentration. It can be hypothesized

that rapamycin could be used at low doses in stable clini-

cal transplant patients to avoid differentiation to memory

T cells from Tn cells, but in the context of acute rejec-

tion, where T-cell proliferation is crucial and must be

blocked, the rapamycin dose should be increased or,

instead, IS changes to tacrolimus should be carried out.

The recall response after polyclonal stimulation of

memory CD4+ T cells is predominantly based on IL-2

and IFN-c production in mouse models.20 Tacrolimus

suppressed not only cytokine production from memory T

cells as previously shown,21 but also from Tn cells

(Fig. 4). The mTOR pathway is well-documented to pro-

mote the continuous production of IFN-c by memory T

cells22 and this cytokine regulates differentiation and sur-

vival in response to weak T-cell receptor signals of mem-

ory T CD8+ cells.23 Blocking this pathway with mTORi

should impair IFN-c production, although the intracellu-

lar levels of IFN-c in Tn, Tcm and Tem cells were not

affected after including any mTORi in the culture

(Fig. 4). Failure to control IFN-c production by memory

T cells suggests that mTORi are not suitable to control

memory responses driven by IFN-c. This type of allore-

sponse can appear early post-transplantation, suggesting

that the CNI option is preferable in the early stages after

transplantation.24 Our in vitro observations on both pro-

liferation and cytokine production support the high acute

rejection rate published in clinical trials in patients receiv-

ing monotherapy with mTORi compared with CNI.24,25

Tacrolimus reduced the production of IL-2 by memory

T-cell subsets, whereas it completely inhibited it in Tn

cells. The mTORi induced an over-production of IL-2 in

Tn cells (Fig. 4a). The differential effect on IL-2 produc-

tion that is observed could be explained by different

molecular targets of IS. The CNI inhibits activation of the

nuclear factor of activated T cells and subsequent IL-2

production, whereas the mTORi enable IL-2 production,

allowing the differentiation of Tn to Treg cells,26,27 as

confirmed in stable kidney transplant recipients converted

to mTORi.28

The CNI has been demonstrated to have a deleterious

effect on Treg cells, both in vitro29 and in vivo,28 whereas

mTORi are permissive with Treg cells.28 Potentially, Treg

cells are able to control the proliferation of naive and

memory T cells in vitro; however, Treg cells were not
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excluded from our sorted T-cell subsets because of their

low level within CD4+ lymphocytes in healthy subjects

(from 2 to 4% in our experience16). Indeed, Treg cells are

anergic in vitro,30 which was confirmed in our culture

conditions where the percentage of sorted Treg cells was

7–15% (see Supplementary material, Fig. S9) so it is

expected that the influence of the Treg cells over the

results under our experimental conditions is low.

The main limitation of this work is that the in vitro IS

concentrations used are far from those used in the clinics,

and justifying the choice of these doses is the saturation

of the cell inhibition effect (see Supplementary material,

Fig. S8) as well as in vitro cytotoxic effects at higher doses

of everolimus (see Supplementary material, Fig. S7).

In summary, at the doses used in the present study,

tacrolimus controlled proliferation and IL-2 and IFN-c
production of naive and memory T-cell subsets more effi-

ciently than mTORi. Production of IL-17 did not change

significantly with any immunosuppressants tested. The

differences observed between both types of mTORi tested

could be relevant, although we do not have a clear expla-

nation for them. Hence, everolimus was more potent

than rapamycin in controlling proliferation of the differ-

ent T-cell subsets studied. Tacrolimus could be more

effective in controlling alloreactive memory T cells

responsible for potential rejection episodes and the elec-

tion therapy in those patients at high risk of rejection.

Altogether, our data provide reasoning for the use of CNI

and mTORi combination in stable transplants to modu-

late different aspects of memory/naive T-cell function.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Proliferation of sorted naive and memory T

cells at different rates of CD3/CD28 stimulation. Sorted

naive (Tn) (a), central memory (Tcm) (b) and effector

memory (Tem) T cells (c) were stained with carboxyfluo-

rescein diacetate succinimidyl ester before polyclonal

stimulation with anti-CD3/CD28 beads, during 5 days.

The beads were tested at increasing dose rate cell : bead

1 : 1 (1 9) 1 : 2 (2 9) and 1 : 4 (4 9). The proliferation

was expressed by the percentage of dividing cells (%

Divided cells).

Figure S2. Phenotypic changes of sorted naive and

memory T-cell subsets. Representative dot plots of sorted

naive (Tn), central memory (Tcm) and effector memory

(Tem) T cells cultured for 5 days alone (W/S, a–c) or

stimulated with anti-CD3/CD28 beads (S, d–f) are shown.

The percentage of each subpopulation is depicted. Each

subpopulation was defined based on the membrane

CD45RO and CD62L expression as Naive:

CD62L+ CD45RO�; Tcm: CD62L+ CD45RO+; Tem:

CD62L+ CD45RO+ and terminally differentiated memory

T cells (Temra): CD62L� CD45RO�.
Figure S3. Relative expression changes of several phe-

notypic markers in naive and memory T-cell subsets. The

sorted subpopulations: naive (Tn), central memory (Tcm)

and effector memory (Tem) T cells were polyclonally acti-

vated with anti-CD3/CD28 beads (S) or left alone (W/S)

for 5 days and stained with CCR7, CD45RO, CD62L,

CCR6, CD25 and CD103 as described in the Materials

and methods section. The mean fluorescence intensity

(MFI) values are shown below.

Figure S4. Cell death of sorted T-cell subsets with dif-

ferent immunosuppressant. Sorted naive (Tn) (a), central

memory (Tcm) (b) and effector memory (Tem) T cells

(c) were stained with 7-amino-actinomycin D after poly-

clonal stimulation with anti-CD3/CD28 beads for 5 days.

The cells were alone (W/S), stimulated (S) and treated

with the indicated dose of tacrolimus (Tac, open circles),

rapamycin (Rapa, closed triangle and dotted line) or ever-

olimus (Eve, closed squares and dotted line). The refer-

ence of stimulated control is represented with a dotted

line in each plot.

Figure S5. Proliferation of sorted naive and memory

T-cell subsets. Representative histograms of carboxyfluo-

rescein diacetate succinimidyl ester dye to assess the pro-

liferation of sorted naive (Tn) (a), central memory (Tcm)

(b) and effector memory (Tem) T cells (c) after 5 days of

culture with polyclonal stimulation with anti-CD3/CD28

(continuous line) and without stimuli (dotted line). The

% of divided cells (% Div) and Proliferation Index (PI)

are depicted in each histogram.

Figure S6. Cytokine production of sorted naive and

memory T-cell subsets. Representative dot plots of cyto-

kine production by sorted naive (Tn), central memory

(Tcm) and effector memory (Tem) T cells, after 5 days of

culture alone (W/S, a–c) or with polyclonal stimulation

(W, d–f) and intracellular staining for interleukin-2 (IL-

2) and interferon-c (IFN-c) after re-stimulation. The per-

centage of IL-2- and/or IFN-c-producing cells is depicted

in each quadrant.

Figure S7. Scatter plot of sorted of sorted naive T cells

treated with everolimus. Forward scatter versus side scat-

ter plot of sorted naive T cells (Tn) alone (W/S), stimu-

lated (S) and treated with the indicated dose of

everolimus after 5 days of polyclonal stimulation with

anti-CD3/CD28. The lymph gate is shown with strong

dotted circle in W/S and high everolimus dose condi-

tions.

Figure S8. Proliferation of sorted naive T cells after

treatment of high dose of immunosupprant. The sorted

naive T cells (Tn) were stained with carboxyfluorescein

diacetate succinimidyl ester before polyclonal stimulation

with anti-CD3/CD28 beads, for 5 days. The cells were

alone (W/S), stimulated (S) and treated with the indi-

cated dose of tacrolimus (open circles), rapamycin (closed

triangles and dotted line) or everolimus (closed squares

and dotted line). The proliferation was expressed by the

percentage of dividing cells (% Divided cells). The refer-

ence of stimulated control is represented with a dotted

line in each plot. The strong dotted lines show the flat-

fashion curve of proliferation (% Divided cells). The

range of dose used is shown in the Materials and meth-

ods section.

Figure S9. Proliferation of sorted regulatory T (Treg)

cells with different immunosuppressant. Sorted Treg cells

were stained with carboxyfluorescein diacetate succin-

imidyl ester before polyclonal stimulation with anti-CD3/

CD28 beads, for 5 days. The cells were alone (W/S), stim-

ulated (S) and treated with the indicated dose of tacroli-

mus (Tac, open circles), rapamycin (Rapa, closed triangle

and dotted line) or everolimus (Eve, closed squares and

dotted line) (mean, standard error of mean, and their

comparison respect stimulated control are shown in the

Supplementary material, Table S2). The proliferation was

expressed as the percentage of dividing cells (% Divided

cells). The reference of stimulated control is represented

with a dotted line in the plot.

Table S1. Comparison of the mean percentage of each

sorted T-cell subpopulation after culture with different

immunosuppressants. The means were compared using

Student’s t-test. Different levels of significance were

observed: *P < 0�05, **P < 0�01 and ***P < 0�001.
Table S2. Comparison of the mean percentage of

dividing cells of each sorted T-cell subpopulation after

culture with different immunosuppressants. The means
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were compared using Student’s t-test. Different levels of

significance were observed: *P < 0�05, **P < 0�01 and

***P < 0�001.
Table S3. Comparison of the mean percentage of inter-

leukin-2- (IL-2), interferon-c- (IFN-c) and IL-17-produ-

cing cells of each sorted T-cell subpopulation after

culture with different immunosuppressants. The means

were compared using Student’s t-test. Different level of

significance was observed: *P < 0�05, **P < 0�01 and

***P < 0�001.
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